Abstract. This paper provides an approach for assessing the vulnerability of the gas pipeline network. The impacts of the failure of the pipeline links are quantitatively assessed based on the gas supply areas it affects using the breadth first tree method. This approach allows identification of the pipeline network links that are vital to network vulnerability. The proposed methodology is tested and demonstrated with part of the gas network of Beijing, China. Vulnerability map is generated for identifying high impact areas requiring particular inspections and protection.
Introduction
Underground pipeline systems, such as gas pipeline, water supply pipeline, etc., are crucial for the safety running of the city. The failure of gas pipeline normally refers to the leakage of gas because of the rupture which are generally caused by external influence, such as excavation, natural force, external mechanical force, etc., or result from inherent risk, such as corrosion, material defects, pipe aging, etc. Leakage at one point in the gas pipeline will directly lead to pressure decrease and flow loss in the network and can disrupt gas supply to a large area, in the extreme case, it also has potential to cause toxicity, fire and explosion and results in loss of life. However, most often there was no fire or explosion and only the supply deficiency of the pipeline is affected due to service interruptions. Number of research has been performed for assessing the risk of the gas pipeline network 1, 2, 3 . Most focuses on local accident consequences of fire and explosion of the pipeline failure. In this study, the impact of regular pipeline leakage concerns on the affected supply areas/end users due to the service interruptions or supply deficiency and framework for vulnerability analysis of pipeline network is presented.
Methodology
Urban gas pipeline is a complex system composed of the transmission pipelines with different levels of pressure, vavels, and pressure regulator, etc. The transmission of the gas is realized in the terms of flow through the pipeline. In this study, the network analysis method is used for evaluating the impact of pipeline failure. The pipeline system is represented as a network, where the gas pipeline segment is represented as edge and the junctions are represented by nodes. The pipeline network is built according to its spatial and attributes data. Spatial data contains geographical positions and topological relationships between gas pipeline segments, while the attribute data includes the pressure and the flow direction of each pipeline segment.
Since there may be multiple upstream nodes for the receiving node, it is therefore not easy to find the affected nodes when an edge is degraded. Herein, a single source virtual network is built and the breadth first tree method 4 is used to assess the affected supply areas/end users due to the service interruptions of gas pipeline network. Figure 1 shows an example of a simplified network used the breadth first tree method to identify all nodes that are reachable from the virtual source node in the network. A virtual source node s is added as the root to connect with all nodes without in-gong links to create a single source virtual network (Figure 1a) . Apparently, the virtual network is a connected network in which all nodes can be reached from the source node s. When an edge e (a,c) connecting nodes a and c is interrupted, affected downstream nodes can be identified by a breadth-first-search starting from the virtual source node s. Nodes c, f which do not belong to the breadth-first-search tree are nodes affected (Figure 1b) . The vulnerability of the system, can therefore be measured by the change in the number of connected node pairs after an edge failure in the network as defined in equation (1): (1) Here N represents the number of connected node pairs in the undisturbed system, is the number of connected node pairs remaining in the system after removal of an edge connecting nodes u and v. This metric is calculated for each edge in the system in order to evaluate the vulnerability of the system.
Application
The aforementioned methodology is applied to assess a selected part of gas network of Beijing. Two datasets are used for building the network: 1) Spatial data of Gas pipeline and 2) Attribute data of Gas pipeline. The size of the selected network section is approximately 84.5 km 2 with 143 km gas pipeline segments. Figure 2 presents the gas pipeline system in the study area. The studied gas pipeline system consists of (a) 10 ultra-high-pressure and 79 high-pressure gas transmission pipelines connecting the gas gate station, (b) 101 middle-pressure gas transmission pipeline system connecting the high-pressure transmission pipeline and the intake point of the low-pressure gas pipeline, and (c) 1090 low-pressure gas distribution system connecting the middle-pressure pipeline and the individual consumers.
According to the spatial geographic information and the flow direction, the logical network of the studied pipeline can be built with transmission lines represented by edges and junctions represented as nodes. There are a total of 1280 links and 1243 nodes. The top level of gas stations at the start point is considered as the root node in the network, and the bottom level of stations that link to residential building are considered as the lower braches nodes. The pipeline between every two junctions is considered as an edge in the network. According to the gas flow direction, the network topology of the investigated pipeline system is built and shown in Figure 3 . The vulnerability assessment for the gas pipeline network has been conducted. The vulnerability due to pipeline leakage on the affected supply areas is assessed and mapped on the satellite image of the study area, as shown in Figure 4 . The impact levels were classified as follows: very high 1 st -20 th , high 21 th -70 th , medium 71 th -170 th , low 171 th -370 th , and very low 371 th -1280 h . We can observe that the maximum percentage of affected supply areas is up to 40%, although most are below 3%. The very high impact pipelines mostly locate in the ultra-high-pressure and high-pressure pipelines, account for about 65% of the most critical lines. The ultra-high-pressure pipeline sections that directly come from the start point can be easily identified as the most critical segments, as disruptions of these lines leave the whole gas network without service. This vulnerability is decreased with the increment of distance from the start source point. The impact related to high-pressure pipeline segments are different and depends on its position and role in the network. With respective to pipeline segments with an alternative gas supply, the related vulnerability is low. In contrast, the vulnerability of the high-pressure pipeline is high when it is the only supply line for a large area. The vulnerability of the middle-pressure pipelines depend on the total number of residents it served. Disruption to middle-pressure links connected by a larger number of low-pressure pipelines will evidently have a much greater impact on network operation. Low-pressure pipelines are relatively less critical because they only provide gas for limited number of buildings. Figure 4 . Vulnerability map of the gas system ranked with affected gas supply areas.
Conclusion
In this study we present a method for analyzing the vulnerability of underground pipeline networks by considering the impact to gas supply reduction given failure of pipeline links. The proposed methodology has been applied to part of gas network of Beijing, China. The tree structure of gas pipeline network is created and the impacts of the failure of the pipeline links are quantitatively assessed based on the gas supply areas it affects using the breadth first tree method. The most vulnerable pipeline links are therefore identified. Critical pipeline segments shown in the vulnerability map should be characterized as hot spot areas that need special attention of the infrastructure managers.
